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OPTICAL ANALYSIS DEVICE, OPTICAL
ANALYSIS METHOD AND COMPUTER
PROGRAM FOR OPTICAL ANALYSIS USING
SINGLE LIGHT-EMITTING PARTICLE
DETECTION

TECHNICAL FIELD

This invention relates to an optical analysis technique
capable of detecting light from a particulate object, e.g. an
atom, a molecule or an aggregate thereof (Hereafter, these are
called a “particle”.), such as a biological molecule, for
example, protein, peptide, nucleic acid, lipid, sugar chain,
amino acid or these aggregate, virus and cell, etc., or a non-
biological particle, dispersed or dissolved in a solution, by
using an optical system, such as the optical system of a
confocal microscope or a multiphoton microscope, which can
detect light from a micro region in a solution, to acquire useful
information in an analysis of conditions (interaction, binding
or dissociating condition, etc.) of particles, and more specifi-
cally, relates to an optical analysis device, optical analysis
method and computer program for optical analysis, which
detect individually the light from a single particle which emits
light, using an optical system as described above, to make it
possible to conduct various optical analyses. In this regard, in
this specification, a particle which emits light (hereafter,
referred to as a “light-emitting particle”) may be any of a
particle which itself emits light and a particle to which an
arbitrary light-emitting label or light-emitting probe has been
attached, and the light emitted from a light-emitting particle
may be fluorescence, phosphorescence, chemiluminescence,
bioluminescence, scattered light, etc.

BACKGROUND ART

According to the developments in optical measurement
techniques in recent years, detection and/or measurement of
faint light at a single photon or single fluorescent molecule
level have become possible by using an optical system of a
confocal microscope and a super high sensitive light detec-
tion technique capable of the photon counting (single photon
detection). Thus, there are variously proposed optical analy-
sis techniques of performing detection of a characteristic, an
intermolecular interaction, a binding or dissociating reaction
of a biological molecule, etc. by means of such a faint light
measurement technique. As such optical analysis techniques,
for examples, there are known Fluorescence Correlation
Spectroscopy (FCS, see e.g. patent documents 1-3 and non-
patent documents 1-3), Fluorescence Intensity Distribution
Analysis (FIDA, e.g. patent document 4, non-patent docu-
ment 4) and Photon Counting Histogram (PCH, e.g. patent
document 5). In addition, in patent documents 6-8, there are
proposed methods of detecting fluorescent substances based
on a time progress of fluorescence signals of a sample solu-
tion measured using the optical system of a confocal micro-
scope.

Furthermore, in patent documents 9-11, Applicant of the
present application has proposed a novel optical analysis
technique, using an optical system which is capable of detect-
ing the light from a micro region in a solution, such as an
optical system of a confocal microscope or a multiphoton
microscope, and employing a different principle from optical
analysis techniques, such as FCS and FIDA. In the case of
optical analysis techniques, such as the above-mentioned
FCS, FIDA, briefly speaking, a concentration and/or other
characteristics of fluorescence molecules are detected
through performing statistical calculation processing of light
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2

intensity data obtained by continuously measuring lights
from fluorescence molecules floating in a micro region, in
which light is detected, in a sample solution (hereafter, called
a “light detection region”). On the other hand, in the new
optical analysis technique proposed in patent documents
9-11, the position of a light detection region is moved in a
sample solution (i.e., the inside of the sample solution is
scanned with the light detection region), and when the light
detection region encompasses a light-emitting particle being
dispersed and moving at random in the sample solution, the
light emitted from the light-emitting particle is individually
detected, and thereby each of the light-emitting particles in
the sample solution is detected individually so that it becomes
possible to perform the counting of light-emitting particles
and the acquisition of the information about the concentration
or number density of the light-emitting particle in the sample
solution. According to this new optical analysis technique
(called a “scanning molecule counting method”, hereafter),
not only a sample amount necessary for measurement may be
small (for example, about several 10 pL) and the measuring
time is short similarly to optical analysis techniques, such as
FCS and FIDA, but also, it becomes possible to detect the
presence of a light-emitting particle and to quantitatively
detect its characteristic, such as a concentration, a number
density, etc., at a lower concentration or number density, as
compared with the cases of optical analysis techniques, such
as FCS and FIDA. Thus, the “scanning molecule counting
method” is expected to be a strong tool enabling an experi-
ment or a test at low cost and/or more quickly than conven-
tional biochemical methods, and also enabling the detection
of a concentration and/or a characteristic of a particle of a
lower concentration at which FCS, FIDA, etc. cannot be
acceptably performed, especially in conducting an analysis of
a rare or expensive sample often used in the field of the
medical or biological research and development or in con-
ducting tests of a large number of specimens, such as sick
clinical diagnosis or the screening of bioactive substances.
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Patent Documents
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Patent document 2:
No. 2008-292371
Patent document 3:
No. 2009-281831
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No. 2008-116440
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No. 4-337446
Patent document 9: W02011/108369
Patent document 10: W02011/108370
Patent document 11: W02011/108371

Japanese Patent laid-open publication
Japanese Patent laid-open publication
Japanese Patent laid-open publication
Japanese Patent No. 4023523

WO 2008-080417
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Japanese Patent laid-open publication

Non-Patent Documents

Non-patent document 1: Masataka Kinjo; “Protein,
Nucleic acid, Enzyme” Vol. 44, No. 9, pages 1431-1438,
1999.



US 9,329,117 B2

3

Non-patent document 2: F. J. Meyer-Alms; “Fluorescence
Correlation Spectroscopy” edt. R. Rigler, Springer, Berlin,
pages 204-224, 2000.

Non-patent document 3: Noriko Kato, et al. “Gene medi-
cine”, Vol. 6, No. 2, pages 271-277. 5
Non-patent document 4: P. Kask, K. Palo, D. Ullmann, K.

Gall PNAS 96, 13756-13761 (1999)

Non-patent document 5: R. Rigler, U. Mets, J. Widengren
and P. Kask, European Biophysics Journal, 1993, Volume 22,
Number 3, Pages 169-175 10

Non-patent document 6: R. Machan and M. Hof, Int. J.
Mol. Sci. 2010, 11, 427-457

SUMMARY OF INVENTION
15
Technical Problem

By the way, in the above-mentioned scanning molecule
counting method, with respect to different kinds of light-
emitting particles having a common emission wavelength, it 20
is difficult to distinguish among these kinds mutually, or to
conduct “the identification of a light-emitting particle”
(specifying or discriminating a kind of light-emitting particle
or confirming or determining what kind of light-emitting
particle or which light-emitting particle a detected light-emit- 25
ting particle is), for example, in accordance with the bright-
nesses of the light-emitting particles (emitted light intensities
in the observation under the same condition). As described
also in patent documents 9-11, in the case of the scanning
molecule counting method, the light emitted from one light- 30
emitting particle appears as a pulse form signal on time series
light intensity data when the light-emitting particle passes
through a light detection region, and thus, under an assump-
tion that one pulse form signal corresponds to one light-
emitting particle, the existence of each light-emitting particle 35
is detected individually by detecting individually a pulse form
signal on time series light intensity data. In this structure,
typically, the intensity of the detected light emitted from the
light detection region of the optical system of a confocal
microscope or a multiphoton microscope (the intensity of the 40
light which is emitted from a single light-emitting particle
and reaches to a photodetector) varies in accordance with a
bell-shaped distribution with the apex at the almost center of
the light detection region because of the spatial distribution of
excitation light and/or the characteristics of the optical sys- 45
tem, and accordingly, even in the same light-emitting particle,
the measured, emitted light intensity changes depending
upon its position within the light detection region. Then,
because the intensity of the light which is emitted from a
single light-emitting particle and reaches to a photodetector 50
changes depending upon positions of the light-emitting par-
ticle in the light detection region, it is not possible to distin-
guish between a case of a particle with weak brightness pass-
ing through a site of strong excitation light intensity and a
case of a particle with strong brightness passing through a site 55
of weak excitation light intensity in accordance with the
magnitudes of the emitted light intensities of pulse form
signals. Namely, the absolute value of the emitted light inten-
sity measured in the scanning molecule counting method is
not an inherent value of a light-emitting particle, and there- 60
fore, it is not possible to distinguish among mutually different
light-emitting particles having a common emission wave-
length but having mutually different brightnesses, using the
difference in the emitted light intensities of single light-emit-
ting particles. Thus, in a sample solution containing light- 65
emitting particles of two or more kinds, when these light-
emitting particles have a common emission wavelength, it is
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not possible to detect a light-emitting particle with identify-
ing it by the kind even if the brightnesses of the light-emitting
particles differ mutually.

Thus, the main object of the present invention is to provide
anovel way of enabling the discrimination or identification of
a kind of light-emitting particle corresponding to each pulse
form signal in the above-mentioned scanning molecule
counting method.

With respect to the above-mentioned object, the inventors
of the present invention have found that, in the scanning
molecule counting method, when the same light-emitting
particle is detected multiple times, the light intensity of its
signal changes and this light intensity change is caused by the
moving of the light-emitting particle by diffusion. Namely,
the light intensity change of the signal during the multiple
times measurements reflects the diffusional characteristic of a
light-emitting particle, the identification of the light-emitting
particle in accordance with the diffusional characteristic is
achieved based on the light intensity change of the signal
during the multiple times measurements. This knowledge is
advantageously used in the present invention.

Solution to Problem

Thus, according to the present invention, the above-men-
tioned object is achieved by an optical analysis device which
detects light from a light-emitting particle dispersed and
moving at random in a sample solution using an optical sys-
tem of a confocal microscope or a multiphoton microscope,
comprising: a light detection region mover which moves a
position of a light detection region of the optical system of the
microscope in the sample solution periodically along a pre-
determined route; a light detector which detects light from the
light detection region; and a signal processor which generates
time series light intensity data of the light from the light
detection region detected with the light detector during the
moving of the position of the light detection region in the
sample solution and detects a signal indicating light from a
single light-emitting particle individually in the time series
light intensity data; wherein the signal processor determines
an index value indicating a translational diffusional charac-
teristic of one light-emitting particle in a plane perpendicular
to the moving direction of the light detection region based
upon an intensity value of a detected signal indicating light of
the one light-emitting particle and an intensity value within a
time region separated from a generation time of the signal
indicating light of the one light-emitting particle by a time
corresponding to an integral multiple of a moving cycle ofthe
position of the light detection region in the time series light
intensity data.

In the structure of the above-mentioned present invention,
“a light-emitting particle dispersed and moving at random in
a sample solution” may be a particle, such as an atom, a
molecule or an aggregate of these, which is dispersed or
dissolved in a sample solution and emits light, and it may be
an arbitrary particulate matter making the Brownian motion
freely in a solution without being fixed on a substrate, etc. The
light-emitting particle is typically a fluorescent particle, but
may be a particle which emits light by phosphorescence,
chemiluminescence, bioluminescence, light scattering, etc.
The “light detection region” of the optical system of the
confocal microscope or multiphoton microscope is the micro
region where light is detected in those microscopes, which
region corresponds to the region to which illumination light is
condensed when the illumination light is given from an objec-
tive (Especially in a confocal microscope, this region is deter-
mined in accordance with the spatial relationship of an objec-
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tive and a pinhole. For a light-emitting particle which emits
light without illumination light, for example, a molecule
which emits light according to chemiluminescence or biolu-
minescence, no illumination light is required in the micro-
scope.). Further, typically, the light detector detects the light
from the light detection region by the photon counting in
which (a) photon(s) arriving in every predetermined measur-
ing unit time (bin time) is/are counted, and in that case, the
time series light intensity data becomes time series photon
count data. Further, “a time region separated from a genera-
tion time of the signal indicating light of the one light-emit-
ting particle by a time corresponding to an integral multiple of
amoving cycle of the position of the light detection region in
the time series light intensity data” is a time region obtained
by adding to or subtracting from the generation time of the
signal indicating light of one certain light-emitting particle a
time corresponding to an integral multiple of the moving
cycle time of the position of the light detection region.
Namely, this time region is the time region in which the
detected value of the light at the time when the repetitively
circulating light detection region passes through a space
where one certain light-emitting particle is present appears
(Data mutually corresponding to the same space). In this
connection, in this specification, “a signal of a light-emitting
particle” means a signal expressing light from a light-emit-
ting particle, unless noted otherwise.

In the basic structure of the above-mentioned present
invention, i.e., the scanning molecule counting method, the
light detection is sequentially performed while the position of
the light detection region is moved in a sample solution,
namely, while the inside of the sample solution is scanned
with the light detection region. Then, it is expected that, when
the light detection region moving in the sample solution
encompasses a randomly moving light-emitting particle, the
light from the light-emitting particle is detected by the light
detector and thereby the existence of one particle will be
detected. Thus, in the time series data of the sequentially
detected light (time series light intensity data), a signal indi-
cating light from a light-emitting particle is individually
detected, and thereby, the existences of individual particles
are detected one by one, and accordingly, diverse information
on the conditions of the particles in the solution will be
acquired.

In this structure, as already noted, since the intensity of
light which is emitted from a single light-emitting particle
and reaches to a photodetector in the optical analysis device
changes depending upon the position of the light-emitting
particle in the light detection region, the absolute value of the
light intensity of the signal cannot be directly used for the
discrimination or identification of kinds of light-emitting par-
ticle having a common emission wavelength but having
mutually different brightnesses. On the other hand, the
change of light intensity of the same light-emitting particle
detected when the position of the light detection region cir-
culates along a predetermined route reflects the change of the
position by the Brownian motion (translational diffusion
moving) of the light-emitting particle within a plane perpen-
dicular to the moving direction of the light detection region
during the circulations of the position of the light detection
region, and thus, as described in detail later, it becomes pos-
sible to acquire the information about the translational diffu-
sional characteristic of the light-emitting particle from the
change of the light intensity of the light-emitting particle
during the circulating movements of the light detection
region. And the translational diffusional characteristic of a
light-emitting particle is usable in the discrimination or iden-
tification of a kind of the light-emitting particle. Then, in the
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present invention, in order to detect the translational diffu-
sional characteristic of each light-emitting particle, the light
measurement is performed while the position of the light
detection region is periodically moved along a predetermined
route so that the same light-emitting particle will be detected
multiple times. And, with reference to an intensity value of'a
detected signal indicating light of one light-emitting particle
and an intensity value within a time region separated from the
generation time of the signal indicating light of the one light-
emitting particle by the time corresponding to an integral
multiple of the moving cycle of the position of the light
detection region in the time series light intensity data, namely,
a series of light intensity values of the space in which one
light-emitting particle exists during the circulating move-
ments of the light detection region, or the intensity values of
a series of signals of the same light-emitting particle during
the circulating movements of the light detection region, the
index value indicating the translational diftusional character-
istic of the light-emitting particle is determined based upon
those plural light intensity values, and thereby, it is tried to
discriminate or identify the kind of each light-emitting par-
ticle. Concretely, the kind of light-emitting particle may be
determined according to the index value indicting the trans-
lational diffusional characteristic of the light-emitting par-
ticle determined as noted above.

In one manner of the above-mentioned structure of the
present invention, the index value indicating the translational
diffusional characteristic of a light-emitting particle may be,
for example, the ratio between the intensity value ofthe signal
of one light-emitting particle and the sum of intensity values
within time regions separated by the time corresponding to
the moving cycle time of the position of the light detection
region before and after the signal of the one light-emitting
particle. As shown also in the column of the detailed expla-
nation later, the space, in which a light-emitting particle cor-
responding to one signal exists, is encompassed by the light
detection region in time regions separated by the time corre-
sponding to the moving cycle time of the position of the light
detection region before and after the one signal of the light-
emitting particle. And, the relation between the intensity
value of the signal of one light-emitting particle and the
intensity values within time regions separated by the time
corresponding to the moving cycle time of the position of the
light detection region before and after the signal of the one
light-emitting particle, namely, the variation of the light
intensity emitted from the same space, reflects the degree of
the magnitude of the moving of the light-emitting particle by
the Brownian motion during the circulations of the light
detection region. That is, the slower the motion of a light-
emitting particle is, the smaller the variation between the
intensity value of the signal of one light-emitting particle and
the intensity values within time regions separated by the time
corresponding to the moving cycle time of the position of the
light detection region before and after the signal of the one
light-emitting particle, namely, the change of the light inten-
sity emitted from the same space during the circulations of the
light detection region becomes. Therefore, as noted above,
with reference to the ratio between the intensity value of the
signal of one light-emitting particle and the sum of intensity
values within time regions separated by the time correspond-
ing to the moving cycle time of the position of the light
detection region before and after the signal of the one light-
emitting particle, the translational diffusional characteristic
of a light-emitting particle can be grasped. Practically, as
shown in the embodiment described later, it has been found
that the ratio between the intensity value of the signal of one
light-emitting particle and the sum of intensity values within
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time regions separated by the time corresponding to the mov-
ing cycle time of the position of the light detection region
before and after the signal of the one light-emitting particle
varies depending upon the degree of the easiness of the trans-
lational diffusion of a light-emitting particle. Thus, the ratio
of intensity values may be employed as an index value for
discrimination or identification of the kind of light-emitting
particle.

Moreover, in another manner of the structure of the present
invention, the index value indicating the translational diffu-
sional characteristic of a light-emitting particle may be the
diffusion constant of the light-emitting particle or its function
value. As understood from the above-mentioned explana-
tions, the change of light intensity of the signal of the same
light-emitting particle detected in every circulation of the
light detection region corresponds to the change of the posi-
tion of the light-emitting particle during the circulations of
the light detection region. And, since an autocorrelation func-
tion value in time, computed from the intensity values of the
signals of the same light-emitting particle in the respective
circulations of the light detection region, is theoretically
derived from the translational diffusion model of a single
light-emitting particle which has a certain diffusion constant
in a plane perpendicular to the moving direction of the light
detection region, it is possible to compute the diffusion con-
stant of a single light-emitting particle by fitting a theoretical
formula, obtained from the translational diffusion model, to
the autocorrelation function values in time of the intensity
values of the signals. Then, in the present invention, by using,
as intensity values within time regions separated from the
generation time of a signal indicating light of one light-emit-
ting particle by a time corresponding to an integral multiple of
the moving cycle time of the position of the light detection
region in time series light intensity data, the intensity values
of signals (generated within the time regions) indicating
lights of the same light-emitting particle as the one light-
emitting particle, a diffusion constant or its function value is
computed by fitting a theoretical formula, derived from a
translational diffusion model of a light-emitting particle in a
plane perpendicular to the moving direction of the light detec-
tion region, to autocorrelation function values in time, com-
puted from the intensity value of the signal indicating light of
the one light-emitting particle and the intensity values of the
signals indicating lights of the same light-emitting particle as
the one light-emitting particle, and thereby the diffusion con-
stant or its function value may be employed as an index value
indicating a translational diffusional characteristic of the
light-emitting particle for the identification of the light-emit-
ting particle. Namely, since the light-emitting particle signals
generated every moving cycle time of the light detection
region are the signals of the same light-emitting particle, the
diffusion constant or its function value of a light-emitting
particle may be determined by fitting a theoretical formula
derived from a translational diffusion model to autocorrela-
tion function values of the intensity values of those signals,
and then this diffusion constant or its function value may be
employed as an index value for identification of the light-
emitting particle.

In the processes of the signal processor of the above-men-
tioned inventive device, the judgment of whether or not one
light-emitting particle enters into the light detection region
from a signal in the successively detected values from the
light detector may be performed based on the profile of the
time series signal indicating light detected in the light detec-
tor. In this regard, in an embodiment, typically, it may be
designed that the entry of one light-emitting particle into a
light detection region is detected when a signal with a larger
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intensity than a predetermined threshold value is detected.
More concretely, as explained in the following column of
embodiments, usually, the profile of a signal indicating light
from a light-emitting particle exhibits a bell-shaped pulse
form having an intensity beyond a certain degree in the time
series detected values i.e., light intensity data, of the light
detector, while the profile of a noise does not form a bell-
shaped pulse, or its intensity is small. Then, the signal pro-
cessor of the inventive device may be designed to detect on
time series light intensity data a pulse form signal which has
an intensity exceeding a predetermined threshold value as a
signal indicating light from a signal light-emitting particle.
The “predetermined threshold value” can be experimentally
set to an appropriate value.

Furthermore, the object to be detected in the inventive
device is the light from a single light-emitting particle, and
thus, light intensity is extremely weak, and when one light-
emitting particle is a single fluorescent molecule or several
molecules, the light is stochastically emitted from the light-
emitting particle, so that minute time gaps can be generated in
the signal values. If such a gap is generated, the identification
of a signal corresponding to the existence of one light-emit-
ting particle will become difficult. Then, the signal processor
may be designed to apply smoothing treatment to time series
light intensity data so that minute time gaps in signal values
can be ignored, and to detect as a signal indicating light from
a single light-emitting particle a bell-shaped pulse form sig-
nal having an intensity beyond a predetermined threshold
value in the smoothed time series light intensity data. In this
regard, it becomes very troublesome operation to detect by
human eyes, etc. a region where a pulse form signal exists in
time series light intensity data. Then, in an embodiment, the
signal processor may be designed to determine an existence
region of a bell-shaped, pulse form signal in a time differen-
tial value of smoothed time series light intensity data, and
judge as a signal indicating light from a single light-emitting
particle a pulse form signal whose intensity value obtained by
fitting a bell shaped function formula to the smoothed time
series light intensity data in the existence region of the pulse
form signal exceeds beyond a predetermined threshold value,
so that the time and effort for detecting regions where a pulse
form signal exists by human eyes, etc. can be avoided.

The moving speed of the position of the light detection
region in a sample solution in the above-mentioned inventive
device may be changeable appropriately based on the char-
acteristics, number density or concentration of a light-emit-
ting particle in the sample solution. Especially, when the
moving speed of the light detection region becomes quick, the
light amount obtained from one light-emitting particle will be
reduced, and thus, in order to measure the light from one
light-emitting particle accurately or with sufficient sensitiv-
ity, it is preferable that the moving speed of the light detection
region can be changed appropriately. Moreover, the moving
speed of the position of the light detection region in the
sample solution is preferably set to be higher than the diffu-
sional moving velocity of a light-emitting particle to be an
object to be detected (the average moving speed of a particle
owing to the Brownian motion). As explained above, the
inventive device detects a light-emitting particle individually
by detecting the light emitted from a light-emitting particle
when the light detection region passes through the existence
position of the light-emitting particle. However, when the
light-emitting particle moves at random owing to the Brown-
ian motion to move into and out of the light detection region
multiple times, it is possible that the signal from one light-
emitting particle (showing its existence) will be detected mul-
tiple times, and therefore it would become difficult to make
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the existence of one light-emitting particle associated with
the detected signal. Then, as described above, the moving
speed of the light detection region is set higher than the
diffusional moving velocity of a light-emitting particle, and
thereby it becomes possible to make one light-emitting par-
ticle associated with one signal. In this regard, since the
diffusional moving velocities differ depending upon light-
emitting particles, it is preferable that the moving speed of the
light detection region can be changed appropriately accord-
ing to the characteristics (especially, the diffusion constant)
of the light-emitting particle as described above.

Furthermore, in the case of the present invention, it is
required to be capable of encompassing the same light-emit-
ting particle periodically in the light detection region during
multiple times of circulations of the light detection region.
Then, preferably, the moving cycle time of the light detection
region is set to be shorter than the time taken for a light-
emitting particle detected once to move the distance equiva-
lent to the size of the light detection region by the Brownian
motion. The moving cycle time of a light detection region can
be set by adjusting appropriately the above-mentioned mov-
ing speed and predetermined route length.

The moving of the position of the light detection region in
a sample solution may be achieved by an arbitrary way. For
example, the position of the light detection region may be
changed by changing the optical path of the optical system of
the microscope using a galvanometer mirror adopted in a
laser scan type light microscope, or the position of the sample
solution may be moved (e.g. by moving the stage of a micro-
scope) so that the position of the light detection region will be
moved in the sample solution. The movement track of the
position of the light detection region may be set arbitrarily, for
example, may be selected from circular, elliptical, rectangu-
lar, straight linear and curvilinear ones. Especially, in the case
of changing the position of the light detection region by
changing the optical path of the optical system of the micro-
scope, the moving of the light detection region is quick, and
since neither mechanical vibration nor hydrodynamic action
occurs substantially in the sample solution, it is advantageous
in that a measurement can be conducted under a stable con-
dition without a light-emitting particle to be an object to be
detected being influenced by a dynamic action.

In one of manners of the above-mentioned present inven-
tion, the number of light-emitting particles encompassed in
the light detection region may be counted by counting the
number of the selectively detected signals (The counting of
particles). In that case, by associating the number of the
detected light-emitting particles with the moving amount of
the position of the light detection region, the information on
the number density or concentration of the light-emitting
particle identified in the sample solution will be acquired.
Concretely, for instance, the ratio of number densities or
concentrations of two or more sample solutions or a relative
ratio of a number density or concentration to a standard
sample solution to be the reference of a concentration or a
number density may be computed, or an absolute number
density value or concentration value may be determined using
a relative ratio of a number density or concentration to a
standard sample solution to be the reference of a concentra-
tion or a number density. Or, by determining the whole vol-
ume of the moving track of the position of the light detection
region by an arbitrary method, for example, by moving the
position of the light detection region at a predetermined
speed, the number density or concentration of the light-emit-
ting particle can be concretely computed.

The processes of the optical analysis technique of conduct-
ing a light detection with moving the position of a light
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detection region in a sample solution and detecting the signal
from each light-emitting particle individually in the above-
mentioned inventive device, in which the light of the same
light-emitting particle is detected multiple times and an index
value indicating a translational diffusional characteristic of
the light-emitting particle is determined based on the varia-
tion of the light intensity, can be realized with a general-
purpose computer.

Thus, according to another aspect of the present invention,
there is provided a computer readable storage device having a
computer program product including programmed instruc-
tions for optical analysis of detecting light from a light-emit-
ting particle dispersed and moving at random in a sample
solution using an optical system of a confocal microscope or
a multiphoton microscope, said programmed instructions
causing a computer to perform steps comprising: moving a
position of a light detection region of the optical system of the
microscope in the sample solution periodically along a pre-
determined route; measuring a light intensity from the light
detection region during the moving of the position of the light
detection region in the sample solution to generate light inten-
sity data; detecting individually a signal indicating light from
a single light-emitting particle in the light intensity data; and
determining an index value indicating a translational diffu-
sional characteristic of one light-emitting particle in a plane
perpendicular to the moving direction of the light detection
region based upon an intensity value of a detected signal
indicating light of the one light-emitting particle and an inten-
sity value within a time region separated from a generation
time of the signal indicating light of the one light-emitting
particle by a time corresponding to an integral multiple of a
moving cycle time of the position of the light detection region
in the time series light intensity data. In this regard, the
computer program is provided while being memorized in a
computer readable storage medium. A computer reads out the
program memorized in the storage device and realizes the
above-mentioned steps by performing the processing and
calculations of information. Here, a computer readable stor-
age device may be a magnetic disc, a magnetic optical disk, a
CD-ROM, a DVD-ROM, a semiconductor memory, etc. Fur-
thermore, the above-mentioned program may be distributed
to a computer through communication line, and the computer
which received this distribution may be made to execute the
program. Further, in the above-mentioned structure, in the
step of detecting light from the light detection region to gen-
erate time series light intensity data, the light from the light
detection region is detected by the photon counting in which
the number of photons arriving every measuring unit time
(bin time) is counted, and in that case, the time series light
intensity data is time series photon count data. Moreover, in
this case, there may be included a step of determining the kind
of'the light-emitting particle with the index value indicating a
translational diffusional characteristic of the light-emitting
particle.

In the above-mentioned structure also, as the index value
indicating the translational diffusional characteristic of a
light-emitting particle, the ratio between the intensity value of
the signal of one light-emitting particle and the sum of inten-
sity values within time regions separated by the time corre-
sponding to the moving cycle time of the position of the light
detection region before and after the signal of the one light-
emitting particle may be employed. Or, as an index value
indicating a translational diffusional characteristic of a light-
emitting particle, there may be employed a diffusion constant
orits function value which is computed by fitting a theoretical
formula, derived from a translational diffusion model of a
light-emitting particle in a plane perpendicular to the moving
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direction of the light detection region, to autocorrelation
function values in time, computed from an intensity value of
a signal indicating light of one light-emitting particle and
intensity values of signals indicating lights of the same light-
emitting particle as the one light-emitting particle, by using,
as the intensity values within time regions separated from the
generation time of the signal indicating light of the one light-
emitting particle by the time corresponding to the integral
multiple of the moving cycle time of the position of the light
detection region in time series light intensity data, the inten-
sity values of signals generated within the time regions and
indicating lights of the same light-emitting particle as the one
light-emitting particle.

Further, also in the above-mentioned computer readable
storage device, the individual detection of a signal indicating
light from each light-emitting particle may be performed
based on the profile of the time series signal. In one embodi-
ment, typically, it may be designed that the entry of one
light-emitting particle into the light detection region is
detected when a signal with a larger intensity than a prede-
termined threshold value is detected. Concretely, a bell-
shaped pulse form signal having an intensity beyond a pre-
determined threshold value in light intensity data may be
detected as a signal indicating light from a single light-emit-
ting particle, and preferably, the time series light intensity
data may be smoothed so that a bell-shaped pulse form signal
having an intensity beyond a predetermined threshold value
in the smoothed time series light intensity data may be
detected as a signal indicating light from a single light-emit-
ting particle. And more in detail, in a time differential value of
smoothed time series light intensity data, an existence region
of'a bell-shaped, pulse form signal may be determined, and a
pulse form signal whose intensity value obtained by fitting a
bell shaped function formulato the smoothed time series light
intensity data in the existence region of the pulse form signal
exceeds beyond a predetermined threshold value may be
judged as a signal indicating light from a signal light-emitting
particle.

Furthermore, the moving speed of the position of the light
detection region in the sample solution may be appropriately
changed based on the characteristics, the number density or
concentration of the light-emitting particle in the sample
solution, and preferably, the moving speed of the position of
the light detection region in the sample solution is set higher
than the diffusion moving velocity of the light-emitting par-
ticle to be the object to be detected. Also, preferably, the
moving cycle time of the position of the light detection region
is set to be shorter than the time taken for a light-emitting
particle detected once to move the distance equivalent to the
size of the light detection region by the Brownian motion. The
moving of the position of the light detection region in the
sample solution may be conducted by an arbitrary way, and
preferably, the position of the light detection region may be
changed by changing the optical path of the optical system of
the microscope or by moving the position of the sample
solution. The movement track of the position of the light
detection region may be set arbitrarily, for example, selected
from circular, elliptical, rectangular, straight linear, and cur-
vilinear ones.

Also in this computer readable storage device, there may
be comprised a step of counting the number of the light-
emitting particles detected during the moving of the position
of the light detection region by counting the number of the
signals from the light-emitting particles detected individually
and/or a step of determining the number density or concen-
tration of the light-emitting particle in the sample solution
based on the number of the detected light-emitting particles.
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According to the above-mentioned inventive device or
computer program, there is realized a novel optical analysis
method of conducting detection of the light of each light-
emitting particle with moving the position of a light detection
region in a sample solution, in which the light of the same
light-emitting particle is detected multiple times and an index
value indicating a translational diffusional characteristic of
the light-emitting particle is determined based on the varia-
tion of the light intensity.

Thus, according to the present invention, there is further
provided an optical analysis method of detecting light from a
light-emitting particle dispersed and moving at random in a
sample solution using an optical system of a confocal micro-
scope or a multiphoton microscope, comprising steps of:
moving a position of a light detection region of the optical
system of the microscope in the sample solution periodically
along a predetermined route; measuring a light intensity from
the light detection region during the moving of the position of
the light detection region in the sample solution to generate
light intensity data; detecting individually a signal indicating
light from a single light-emitting particle in the light intensity
data; and determining an index value indicating a transla-
tional diffusional characteristic of one light-emitting particle
in a plane perpendicular to the moving direction of the light
detection region based upon an intensity value of a detected
signal indicating light of the one light-emitting particle and an
intensity value within a time region separated from a genera-
tion time of the signal indicating light of the one light-emit-
ting particle by a time corresponding to an integral multiple of
a moving cycle time of the position of the light detection
region in the time series light intensity data. Even in this
method, typically, in the step of detecting light from the light
detection region to generate time series light intensity data,
the light from the light detection region is detected by the
photon counting in which the number of photons arriving
every measuring unit time (bin time) is counted, and in that
case, the time series light intensity data is time series photon
count data. Moreover, also in this case, there may be included
a step of determining the kind of the light-emitting particle
with the index value indicating a translational diffusional
characteristic of the light-emitting particle.

Then, in the above-mentioned structure also, as the index
value indicating the translational diffusional characteristic of
a light-emitting particle, the ratio between the intensity value
of the signal of one light-emitting particle and the sum of
intensity values within time regions separated by the time
corresponding to the moving cycle time of the position of the
light detection region before and after the signal of the one
light-emitting particle may be employed. Or, as an index
value indicating a translational diffusional characteristic of'a
light-emitting particle, there may be employed a diffusion
constant or its function value which is computed by fitting a
theoretical formula, derived from a translational diffusion
model of a light-emitting particle in a plane perpendicular to
the moving direction of the light detection region, to autocor-
relation function values in time, computed from an intensity
value of a signal indicating light of one light-emitting particle
and intensity values of signals indicating lights of the same
light-emitting particle as the one light-emitting particle, by
using, as the intensity values within time regions separated
from the generation time of the signal indicating light of the
one light-emitting particle by the time corresponding to the
integral multiple of the moving cycle time of the position of
the light detection region in time series light intensity data,
the intensity values of signals generated within the time
regions and indicating lights of the same light-emitting par-
ticle as the one light-emitting particle.
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Further, also in the above-mentioned method, the indi-
vidual detection of a signal indicating light from each light-
emitting particle may be performed based on the profile of the
time series signal. In one embodiment, typically, it may be
designed that the entry of one light-emitting particle into the
light detection region is detected when a signal with a larger
intensity than a predetermined threshold value is detected.
Concretely, a bell-shaped pulse form signal having an inten-
sity beyond a predetermined threshold value in light intensity
data may be detected as a signal indicating light from a single
light-emitting particle, and preferably, the time series light
intensity data may be smoothed so that a bell-shaped pulse
form signal having an intensity beyond a predetermined
threshold value in the smoothed time series light intensity
data may be detected as a signal indicating light from a single
light-emitting particle. And more in detail, in a time differen-
tial value of smoothed time series light intensity data, an
existence region of a bell-shaped, pulse form signal may be
determined, and a pulse form signal whose intensity value
obtained by fitting bell shaped function formula to the
smoothed time series light intensity data in the existence
region of the pulse form signal exceeds beyond a predeter-
mined threshold value may be judged as a signal indicating
light from a single light-emitting particle.

Furthermore, the moving speed of the position of the light
detection region in the sample solution may be appropriately
changed based on the characteristics, the number density or
concentration of the light-emitting particle in the sample
solution, and preferably, the moving speed of the position of
the light detection region in the sample solution is set higher
than the diffusion moving velocity of the light-emitting par-
ticle to be the object to be detected. The moving of the posi-
tion of the light detection region in the sample solution may
be conducted by an arbitrary way, and preferably, the position
of'the light detection region may be changed by changing the
optical path of the optical system of the microscope or by
moving the position of the sample solution. The movement
track of the position of the light detection region may be set
arbitrarily, for example, selected from circular, elliptical,
rectangular, straight linear, and curvilinear ones.

Also in the above-mentioned method, there may be com-
prised a step of counting the number of the light-emitting
particles detected during the moving of the position of the
light detection region by counting the number of the signals
from the light-emitting particles detected individually and/or
a step of determining the number density or concentration of
the light-emitting particle in the sample solution based on the
number of the detected light-emitting particles.

The optical analysis technique of the above-mentioned
present invention is used, typically, for an analysis of a con-
dition in a solution of a biological particulate object, such as
abiological molecule, e.g. a protein, a peptide, a nucleic acid,
alipid, a sugar chain, an amino acid or these aggregate, a virus
and a cell, etc., but it may be used for an analysis of a
condition in a solution of a non-biological particle (for
example, an atom, a molecule, a micelle, a metallic colloid,
etc.), and it should be understood that such a case belongs to
the scope of the present invention also.

Effect of Invention

Generally, according to the present invention, discrimina-
tion or identification of a kind of light-emitting particle can be
achieved with a translational diffusional characteristic of a
light-emitting particle in the scanning molecule counting
method. In the way of the present invention, for instance, no
such a process of preparing light-emitting particles having
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different emission wavelengths by kinds of particles is
required, and this is advantageous in the detection of the
existence of a sample solution containing two or more kinds
of light-emitting particle, the determination of their concen-
trations, etc.

By the way, in a case that a sample solution contains two or
more kinds of light-emitting particle, it is possible to distin-
guish among mutually different kinds of light-emitting par-
ticles having a common emission wavelength by the conven-
tional FCS and FIDA also. In the case of FCS, there is
computed a translational diffusion time indicating the diffu-
sional characteristic of a particle, and thus, even in a sample
solution in which light-emitting particles of two or more
kinds having different diffusional characteristics are mixed, it
is possible to estimate the ratio and concentrations of two or
more kinds of light-emitting particles by referring to transla-
tional diffusion times. Further, in the case of FIDA, the aver-
age emitted light intensity per single light-emitting particle is
computed, and thus, even in a sample solution in which light-
emitting particles of two or more kinds having different
brightnesses are mixed, it is possible to estimate the ratio and
concentrations of light-emitting particles of the respective
kinds. Regarding this advantage, the present invention is the
same, but, it should be understood that, in the case of the
present invention, the diffusional characteristic is grasped for
each single light-emitting particle, and thereby, the identifi-
cation is possible for each light-emitting particle. Moreover,
in the present invention, the identification of a light-emitting
particle is achieved for light-emitting particles of substan-
tially lower concentration than in the case of FCS or FIDA.
According to this advantage, even in a case that a small
number of light-emitting particles of two or more kinds are
contained in a sample solution, the individual existences or
concentrations of the respective light-emitting particles can
be detected.

Other purposes and advantages of the present inventions
will become clear by explanations of the following preferable
embodiments of the present invention.

BRIEF DESCRIPTIONS OF DRAWINGS

FIG. 1A is a schematic diagram of the internal structure of
the optical analysis device with which the scanning molecule
counting method according to the present invention is per-
formed. FIG. 1B is a schematic diagram of a confocal volume
(an observation region of a confocal microscope). FIG. 1C is
a schematic diagram of the mechanism for changing the
direction of the mirror 7 to move the position of a light
detection region in a sample solution. FIG. 1D is a schematic
diagram of the mechanism which moves the horizontal posi-
tion of a micro plate to move the position of the light detection
region in a sample solution.

FIGS. 2A and 2B are a schematic diagram explaining the
principle of the light detection and a schematic diagram ofthe
variation of the measured light intensity with time in the
scanning molecule counting method to which the present
invention is applied, respectively. FIG. 2C is a sectional sche-
matic view of the light detection region seen in the traveling
direction of the light of a microscope, showing schematically
light-emitting particles passing through the inside of the light
detection region CV. FIG. 2D is a schematic diagram of an
example of the time series light intensity data measured in
FIG. 2C. FIG. 2E shows a spatial distribution of the intensity
of detected light which is emitted from a light-emitting par-
ticle in a light detection region.

FIG. 3A is a schematic perspective diagram of a spatial
region encompassed by moving of a light detection region CV
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of a microscope along a predetermined route in a sample
solution. FIG. 3B is a diagram showing schematically an
example of the motion of a light-emitting particle within a
plane perpendicular to the moving direction of a light detec-
tion region during the circulations of the light detection
region. FIG. 3C is a graph showing schematically the inten-
sity, against time, of light from a light-emitting particle
detected when the light-emitting particle hardly moves while
a light detection region circulates through a predetermined
route. FIG. 3D is a schematic diagram of a light detection
region explaining the relation between the size of the light
detection region and the displacement (per one circulation of
the light detection region) of a light-emitting particle by the
Brownian motion.

FIG. 4 is a drawing showing in the form of a flow chart
procedures of the scanning molecule counting method per-
formed according to the present invention.

FIGS. 5A and 5B are drawings of models in a case that a
light-emitting particle crosses a light detection region owing
to the Brownian motion and in a case that a light-emitting
particle crosses a light detection region by moving the posi-
tion of the light detection region in a sample solution at a
velocity quicker than the diffusional moving velocity of the
light-emitting particle. FIG. 5C shows drawings explaining
an example of the signal processing step of the detected
signals in the procedure for detecting the existence of a light-
emitting particle from the measured time series light intensity
data (change in time of photon count) in accordance with the
scanning molecule counting method.

FIG. 6 shows examples of measured photon count data (bar
graph); curves obtained by carrying out the smoothing of the
data (dotted line); and Gauss functions fitted on the pulse
existing region (solid line). In the drawing, the signals
attached with “noise” are disregarded as signals due to noises
or contaminants.

FIG.7A is drawings explaining the processes for determin-
ing the translational diffusion characteristic amount (the ratio
between a signal intensity of one light-emitting particle and
the sum of light intensity values in the times before and after
one circulation of a light detection region) in accordance with
the present invention. FIG. 7B shows a formula of an auto-
correlation function of light intensity, plots and a fitting curve,
which are computed for computation of the diffusion constant
of a light-emitting particle in accordance with the present
invention.

FIG. 8A is a drawing showing in the form of graphs the
average values of the translational diffusion characteristic
amounts of a plasmid and a fluorescent dye (TAMRA), mea-
sured in accordance with the scanning molecule counting
method improved in accordance with the present invention
(Embodiment 1), and FIG. 8B is a drawing showing the
histogram (frequencies) of the translational diffusion charac-
teristic amounts of FIG. 8A in the form of graph charts.

FIG. 9 each shows examples of signal intensities (FIG. 9A)
and autocorrelation function values and fitting curves (FIG.
9B) of the same light-emitting particles, measured in accor-
dance with the scanning molecule counting method improved
in accordance with the present invention (Embodiment 2).

EXPLANATION OF REFERENCE NUMERALS

1—Optical analysis device (confocal microscope)
2—Light source

3—Single mode optical fiber

4—Collimating lens

5—Dichroic mirror

6, 7, 11—Reflective mirror
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8—Objective

9—Micro plate

10—Well (sample solution container)
12—Condenser lens

13—Pinhole

14— Barrier filter

14a—Dichroic mirror
15—Multi-mode optical fiber
16—Photodetector

17—Miirror deflector

17a—Stage position changing apparatus
18—Computer

DESCRIPTION OF EMBODIMENTS

In the followings, preferable embodiments of the present
invention are described in detail.
Structure of Optical Analysis Device

In the basic structure, an optical analysis device which
realizes the optical analysis technique according to the
present invention is a device constructed by associating the
optical system of a confocal microscope and a photodetector,
enabling FCS, FIDA, etc., as schematically illustrated in FIG.
1A. Referring to this drawing, the optical analysis device 1
consists of an optical system 2-17 and a computer 18 for
acquiring and analyzing data together with controlling the
operation of each part in the optical system. The optical
system of the optical analysis device 1 may be the same as the
optical system of a usual confocal microscope, where laser
light, emitted from a light source 2 and transmitted through
the inside of a single mode fiber 3 (Ex), forms light diverging
to be radiated at the angle decided by an inherent NA at the
emitting end of the fiber; and after forming a parallel beam
with a collimator 4, the light is reflected on a dichroic mirror
5 and reflective mirrors 6 and 7, entering into an objective 8.
Above the objective 8, typically, there is placed a sample
container or a micro plate 9 having wells 10 arranged thereon,
to which one to several tens of pl. of a sample solution is
dispensed, and the laser light emitted from the objective 8 is
focused in the sample solution in the sample container or well
10, forming a region having strong light intensity (excitation
region). In the sample solution, light-emitting particles to be
observed objects, which are typically fluorescent particles or
particles to which a light emitting label such as a fluorescent
dye is attached, are dispersed or dissolved, and when such a
light-emitting particle enters into the excitation region, the
light-emitting particle is excited and emits light during dwell-
ing in the excitation region. The emitted light (Em), after
passing through the objective 8 and the dichroic mirror 5, is
reflected on the mirror 11 and condensed by a condenser lens
12, and then the light passes through the pinhole 13; transmits
through the barrier filter 14 (where a light component only in
a specific wavelength band is selected); and is introduced into
a multimode fiber 15, reaching to the corresponding photo-
detector 16, and after the conversion into time series electric
signals, the signals are inputted into the computer 18, where
the processes for optical analyses are executed in manners
explained later. In this regard, as known in ones skilled in the
art, in the above-mentioned structure, the pinhole 13 is
located at a conjugate position of the focal position of the
objective 8, and thereby only the light emitted from the focal
region of the laser light, i.e., the excitation region, as sche-
matically shown in FIG. 1B, passes through the pinhole 13
while the light from regions other than the excitation region is
blocked. The focal region of the laser light illustrated in FI1G.
1B is a light detection region, whose effective volume is
usually about 1-10 fLL in this optical analysis device (typi-
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cally, the light intensity is spread in accordance with a Gaus-
sian type distribution having the peak at the center of the
region. The effective volume is a volume of an approximate
ellipsoid bordering a surface where the light intensity is
reduced to 1/e* of the center light intensity), which focal
region is called as “confocal volume”. Furthermore, in the
present invention, since the light from a single light-emitting
particle, for example, the faint light from one fluorescent dye
molecule is detected, preferably, a super high sensitive pho-
todetector, usable for the photon counting, is used for the
photodetector 16. When the detection of light is performed by
the photon counting, the measurement of light intensity is
performed for a predetermined time in a manner of measuring
the number of photons which have sequentially arrived at a
photodetector in every measuring unit time (BIN TIME).
Thus, in this case, the time series light intensity data is time
series photon count data. Also, on the stage (not shown) of the
microscope, there may be provided a stage position changing
apparatus 17a for moving the horizontal position of the micro
plate 9, in order to change the well 10 to be observed. The
operation of the stage position changing apparatus 17¢ may
be controlled by the computer 18. According to this structure,
quick measurement can be achieved even when there are two
or more specimens.

Furthermore, in the optical system of the above-mentioned
optical analysis device, there is further provided a mechanism
for changing the optical path of the optical system to scan the
inside of the sample solution with the light detection region,
namely to move the position of the focal region i.e., the light
detection region, within the sample solution. For this mecha-
nism for moving the position of the light detection region, for
example, there may be employed a mirror deflector 17 which
changes the direction of the reflective mirror 7, as schemati-
cally illustrated in FIG. 1C (the type of moving the absolute
position of a light detection region). This mirror deflector 17
may be the same as that of a galvanomirror device equipped
on a usual laser scan type microscope. Or, alternatively, as
illustrated in FIG. 1D, the stage position changing apparatus
17a may be operated in order to move the horizontal position
of the container 10 (micro plate 9), into which the sample
solution has been dispensed, to move the relative position of
the light detection region in the sample solution (the type of
moving the absolute position of a sample solution). In either
of'the ways, in order to attain a desired moving pattern of the
position of the light detection region, the mirror deflector 17
or the stage position changing apparatus 17a is driven in
harmony with the light detection of the photodetector 16
under the control of the computer 18. The movement track of
the position of the light detection region may be arbitrarily
selected from circular, elliptical, rectangular, straight and
curvilinear ones, or a combination of these (The program in
the computer 18 may be designed so that various moving
patterns can be selected.) In this regard, although not illus-
trated, the position of the light detection region may be moved
in the vertical direction by moving the objective 8 or stage up
and down.

In the case that a light-emitting particle to be an object to be
observed emits light by multiple photon absorption, the
above-mentioned optical system is used as a multiphoton
microscope. In that case, since the light is emitted only from
the focal region of the excitation light (light detection region),
the pinhole 13 may be removed. Further, in the case that a
light-emitting particle to be an object to be observed emits
light owing to a chemiluminescence or bioluminescence phe-
nomenon without excitation light, the optical system 2-5 for
generating excitation light may be omitted. When a light-
emitting particle emits light owing to phosphorescence or
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scattered light, the above-mentioned optical system of the
confocal microscope is used as it is. Furthermore, in the
optical analysis device 1, as shown in the drawing, two or
more excitation light sources 2 may be provided so that the
wavelength of the excitation light can be appropriately
selected in accordance with the wavelength of the light for
exciting a light-emitting particle. Similarly, two or more pho-
todetectors 16 may be provided, and thereby, it may be
designed that, when two or more kinds of light-emitting par-
ticles having different emission wavelengths are included in
the sample, the light therefrom can be detected separately in
accordance with the wavelengths. Moreover, with respect to
the light detection, it may be designed to use light, polarized
in a predetermined direction, as excitation light and select, as
the detected lights, components in the direction vertical to the
polarization direction of the excitation light. In that case, a
polarizer (not shown) is inserted in an excitation light optical
path, and a polarization beam splitter 14a is inserted in a
detected light optical path. According to this structure, it
becomes possible to reduce the background light in the
detected light substantially.

The computer 18 has performs a CPU and a memory, and
the inventive procedures are performed through the CPU
executing various operational processings. In this regard,
each procedure may be done with hardware. All or a part of
processes explained in this embodiment may be performed by
the computer 18 with a computer readable storage device
having memorized the programs to realize those processes.
Accordingly, the computer 18 may read out the program
memorized in the storage device and realize the above-men-
tioned steps by performing the processing and calculations of
information. Here, a computer readable storage device may
be a magnetic disk, a magnetic optical disk, a CD-ROM, a
DVD-ROM, a semiconductor memory, etc. Furthermore, the
above-mentioned program may be distributed to a computer
through communication line, and the computer which has
received this distribution may be made to execute the pro-
gram.

The Principle of the Inventive Method

As described in the column of “Summary of Invention”,
briefly, in the inventive optical analysis technique, the posi-
tion of a light detection region is periodically moved along a
predetermined route while the light of the same light-emitting
particle is detected multiple times in the scanning molecule
counting method, and thereby, it becomes possible to distin-
guish or identify the kind of each light-emitting particle by
means of an index value indicating the translational diffu-
sional characteristic of a light-emitting particle determined
based on the variation of the light intensity. In the following,
the principle of the scanning molecule counting method and
the computation of an index value indicating a translational
diffusional characteristic in the present invention are
explained about.

1. Principle of Scanning Molecule Counting Method

In the basic processes performed in the scanning molecule
counting method, as described in patent documents 9-11,
briefly speaking, the light detection is performed together
with moving the position of the light detection region CV in
a sample solution, namely, scanning the inside of the sample
solution with the light detection region CV by driving the
mechanism (mirror deflector 17) for moving the position of
the light detection region to change the optical path or by
moving the horizontal position of the container 10 (micro
plate 9) into which the sample solution is dispensed, as sche-
matically drawn in FIG. 2A. Then, for example, during the
moving of the light detection region CV (in the drawing, time
to-12), when the light detection region CV passes through a
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region where one light-emitting particle exists (t1), light is
emitted from the light-emitting particle, and a pulse form
signal having significant light intensity (Em) appears on time
series light intensity data as drawn in FIG. 2B. Thus, by
detecting, one by one, each pulse form signal (significant
light intensity) appearing as illustrated in FIG. 2B during the
execution of the moving of the position of the light detection
region CV and the light detection as described above, the
light-emitting particles are detected individually, and by
counting the number thereof, the information about the num-
ber, concentration or number density of the light-emitting
particles existing in the measured region can be acquired. In
the principle of the scanning molecule counting method, no
statistical calculation processes, such as the calculation of the
fluorescence intensity fluctuation, are conducted and the
light-emitting particles are one by one detected, and there-
fore, the information about the concentration or number den-
sity ofthe particle is acquirable even in a sample solution with
a low particle concentration at the level where no sufficiently
accurate analysis is available in conventional FCS, FIDA, etc.

By the way, in a light detection region of an optical system
of confocal microscope or multiphoton microscope as
described above, the intensity of light, which is emitted from
a light-emitting particle which passes through a light detec-
tion region, and reaches to the photodetector, varies depend-
ing upon the position of the light-emitting particle within the
light detection region CV, owing to the intensity distribution
of the excitation light in the light detection region and/or
characteristics of the optical system from the objective
through the pinhole to the photodetector. Typically, as illus-
trated in FIG. 2E, the distribution of the intensity of light
which is emitted from a light detection region and reaches to
a photodetector has its maximum at the almost center of the
light detection region (light condensing region) (hereafter, the
point of the maximum intensity is referred to as the “maxi-
mum intensity point”.), forming a bell shaped distribution to
the radial direction distances from the maximum intensity
point (radii r). Namely, the detected light intensities of light-
emitting particles, even having the same brightness (light-
emitting particles emitting the substantially equal light inten-
sity in the observation under the same condition), mutually
differ depending upon their passing positions. For example,
when the light-emitting particles c, p and y of the same
brightness each cross the light detection region CV in the
indicated positions as shown in FIG. 2C, the light intensity of
the light-emitting particle § which passes through the almost
center of the light detection region becomes higher than the
light intensities of the light-emitting particles o and y (see
FIG. 2D). Thus, the absolute intensity value of the signal of a
light-emitting particle cannot be considered to be a peculiar
value of the light-emitting particle, and accordingly, the dif-
ference of intensity values cannot be used for discrimination
or identification of the kind of the light-emitting particle as it
is.
2. Detection of Translational Diffusional Characteristic of a
Light-Emitting Particle

Although the absolute intensity value of the signal of a
light-emitting particle is not usable in discrimination or iden-
tification of the kind of light-emitting particle as it is as noted
above, the variation of the intensity value of the signal of the
same light-emitting particle reflects the change of the position
of' the light-emitting particle as noted in the column of “Sum-
mary of Invention”. The changing of the position of a light-
emitting particle is caused by the Brownian motion of the
light-emitting particle, and the changing speed of the position
is dependent on the translational diffusional characteristic of
the light-emitting particle. Thus, in the present invention, the
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variation of the intensity of the signal of the same light-
emitting particle is detected during the circulating move-
ments of the position of the light detection region, and it is
tried to compute from the variation in the signal of the same
light-emitting particle the index value showing the transla-
tional diffusional characteristic of the light-emitting particle
and use it for discrimination or identification of the kind of the
light-emitting particle.

Concretely, first, as schematically drawn in FIG. 3A, a light
detection region (CV) is made to circulate in a sample solu-
tion so as to pass through a predetermined route (for example,
aring ofradius R). In that case, the moving cycle time (tcycle)
of the light detection region is adjusted such that, before a
once detected light-emitting particle (a light-emitting particle
once encompassed in the light detection region) deviates from
the spatial domain through which the light detection region
passes, the light detection region will reach to the space in
which the light-emitting particle was detected. Then, during
the light detection region circulating the predetermined route,
as long as the same light-emitting particle exists in the spatial
domain through which the light detection region passes, its
signal will be detected periodically, corresponding to the
moving cycle time tcycle of the light detection region, as
shown in FIG. 3C, and the signal intensity varies with the
position of the light-emitting particle, corresponding to the
moving of the position of the light-emitting particle by the
Brownian motion (see FIG. 3B). And, the quicker the change
of the position of a light-emitting particle, i.e., its motion, is,
the larger the change of the signal intensity becomes, and
thus, the translational diffusional characteristic of a light-
emitting particle will be determined from the change of the
signal intensity. A concrete computation process of the index
value indicating the translational diffusional characteristic of
a light-emitting particle is described later.

By the way, in a case that the diffusion constant of a
light-emitting particle is so large that the (average) displace-
ment of the light-emitting particle in the moving cycle time
teycle of the light detection region will exceed beyond the size
of'the light detection region, it would be difficult to catch the
signal of the same light-emitting particle in every circulation
of the light detection region. This is because, although the
light-emitting particle once encompassed in the light detec-
tion region is encompassed again in the light detection region
after a circulation of the light detection region when the
moving direction of the light-emitting particle extends coin-
cidentally along the passage region (predetermined route) of
the light detection region, it is highly probable that a light-
emitting particle, after encompassed in the light detection
region once, deviates from the passage region of the light
detection region and is no longer again encompassed in the
light detection region after the circulation of the light detec-
tion region when the (average) displacement of the light-
emitting particle during one cycle time of the light detection
region is so large to exceed beyond the size of the light
detection region since the light-emitting particle moves in the
random directions. Accordingly, in order to capture periodic
signals for achieving certainly the computation of the above-
mentioned diffusion constant D, it is preferable that the mov-
ing cycle time tcycle of a light detection region is adjusted
such that the (three dimensional) displacement 1 of a light-
emitting particle in the moving cycle time tcycle of the light
detection region will not exceed beyond the diameter 2r of the
light detection region as illustrated in FIG. 3D. Namely, in a
case of measuring a diffusion constant by the inventive
method, preferably, the moving cycle time tcycle of a light
detection region is adjusted to satisfy:

(2r>>28Dtcycle €8}
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(where 9 is the number of dimensions, and here, 8=3.) In this
regard, in an actual measurement, the moving cycle time
teycle of a light detection region may be adjusted so that the
condition of the above-mentioned expression (1) will be sat-
isfied with the diffusion constant expected in a light-emitting
particle to be tested.

Operation Processes of Scanning Molecule Counting Method

In the embodiment of the scanning molecule counting
method in accordance with the present invention with the
optical analysis device 1 as illustrated in FIG. 1A, concretely,
there are conducted (1) a preparation of a sample solution
containing light-emitting particles; (2) a process of measur-
ing the light intensity of the sample solution; (3) a process of
detecting light-emitting particle signals; and (4) a process of
computing an index value indicating the translational diffu-
sional characteristic of a light-emitting particle. FIG. 4 shows
the processes in this embodiment in form of the flow chart.
(1) Preparation of a Sample Solution

The particle to be an observed object in the inventive opti-
cal analysis technique may be an arbitrary particle as long as
it is dispersed in a sample solution and moving at random in
the solution, such as a dissolved molecule, and the particle
may be, for instance, a biological molecule, i.e. a protein, a
peptide, a nucleic acid, a lipid, a sugar chain, an amino acid,
etc. or an aggregate thereof, a virus, a cell, a metallic colloid
or other non-biological molecules. When the particle to be an
observed object is a particle which emits no light, there is used
a particle to which a light emitting label (a fluorescence
molecule, a phosphorescence molecule, and a chemilumines-
cent or bioluminescent molecule) is attached in an arbitrary
manner. Typically, the sample solution is an aqueous solution,
but not limited to this, and it may be an organic solvent or
other arbitrary liquids.

(2) Measurement of Light Intensity of a Sample Solution
(FIG. 4—step 100)

The measurement of the light intensity in the optical analy-
sis by the scanning molecule counting method of the present
embodiment may be conducted in a manner similar to a
measurement process of light intensity in FCS or FIDA
except that the mirror deflector 17 or the stage position chang-
ing apparatus 17a is driven to move the position of the light
detection region within the sample solution (scanning the
sample solution) during the measurement. In the operation
processes, typically, after dispensing a sample solution into
the well(s) 10 of the micro plate 9 and putting it on the stage
of the microscope, when a user inputs to the computer 18 a
command of starting a measurement, the computer 18
executes programs memorized in a storage device (not
shown) (the process of moving the position of the light detec-
tion region in the sample solution, and the process of detect-
ing light from the light detection region during the moving of
the position of the light detection region) to start radiating the
excitation light and measuring the light intensity in the light
detection region. During this measurement, under the control
of the operation process of the computer 18 according to the
programs, the mirror deflector 17 or the stage position chang-
ing apparatus 17a drives the mirror 7 (galvanomirror) or the
micro plate 9 on the stage of the microscope to move the
position of the light detection region in the well 10, and
simultaneously with this, the photodetector 16 sequentially
converts the detected light into electric signals and transmits
them to the computer 18, which generates the time series light
intensity data from the transmitted signals and stores them in
an arbitrary manner. In this regard, the photodetector 16 is
typically a super high sensitive photodetector which can
detect an arrival of a single photon, and thus when the detec-
tion of light is performed by the photon counting, the time
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series light intensity data may be time series photon count
data. The bin time in the photon counting is set appropriately
so that the feature of the bell shaped profile ofa signal will not
be lost.

With respect to the moving speed of the position of the light
detection region, in the scanning molecule counting method,
generally, in order to perform quantitatively precisely indi-
vidual detection of a light-emitting particle to be observed
from the measured time series light intensity data, preferably,
the moving speed of the position of the light detection region
during light intensity measurement is set to a value quicker
than the moving speed in the random motion, i.e., the Brown-
ian motion of a light-emitting particle. When the moving
speed of the position of the light detection region is slower
than the movement of a particle owing to the Brownian
motion, the particle moves at random in the region as sche-
matically drawn in FIG. 5A, whereby the light intensity
changes at random, so that it would become difficult to deter-
mine a significant light intensity change corresponding to
each light-emitting particle (a signal indicating light from a
light-emitting particle). Then, preferably, as drawn in FIG.
5B, the moving speed of the position of the light detection
region is set to be quicker than the average moving speed of a
particle by the Brownian motion (diffusional moving veloc-
ity) so that the particle will cross the light detection region in
an approximately straight line and thereby the profile of the
change of the light intensity corresponding to each particle
becomes almost similar in the time series light intensity data
(When a particle passes through the light detection region in
anapproximately straight line, the profile of the light intensity
change is similar to the excitation light intensity distribution.
See FIG. 5C, upper row.) and the correspondence between
each light-emitting particle and light intensity can be easily
determined.

Concretely, the time At required for a light-emitting par-
ticle having a diffusion coefficient D to pass through the light
detection region of radius r (confocal volume) by the Brown-
ian motion is given from the equation of the relation of mean-
square displacement:

(2ry?=6D-Av )

as:

At=(27)?/6D 3,

and thus, the velocity of the light-emitting particle moving by
the Brownian motion (diffusional moving velocity) Vdif,
becomes approximately

Vdif=21/Av=3D/r @)

Then, with reference to this, the moving speed of the position
of'the light detection region may be set to a value sufficiently
quicker than Vdif. For example, when the diffusion coeffi-
cient of a light-emitting particle is expected to be about
D=2.0x1071° m?/s, Vdif will be 1.0x10~> m/s, supposing r is
about 0.62 um, and therefore, the moving speed of the posi-
tion of the light detection region may be set to its 10 times or
more, 15 mm/s. In this regard, when the diffusion coefficient
of a light-emitting particle is unknown, an appropriate mov-
ing speed of the position of the light detection region may be
determined by repeating the executions of a preliminary
experiment with setting various moving speeds of the posi-
tion of the light detection region in order to find the condition
that the profile of the light intensity variation becomes an
expected profile (typically, similar to the excitation light
intensity distribution).
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(3) Individual Detection of a Signal of a Light-Emitting Par-
ticle (Steps 110-160)

When the time series light intensity data has been gener-
ated, first, the process of detecting (a) signal(s) of (a) light-
emitting particle(s) individually on the light intensity data. As
already noted, when the track of one light-emitting particle in
its passing through the light detection region is approximately
straight as shown in FIG. 5B, the light intensity variation in
the signal corresponding to the particle in the time series light
intensity data has a bell shaped profile reflecting the light
intensity distribution in the light detection region determined
by the optical system. Thus, basically in the scanning mol-
ecule counting method, when the time width At for which the
light intensity value exceeding an appropriately set threshold
value Ith continues on the light intensity data is in a predeter-
mined range, the signal having the profile of the light intensity
may be judged to correspond to one particle having passed
through the light detection region, and thereby one light-
emitting particle is detected. And a signal whose light inten-
sity has not exceed beyond the threshold value Ith or whose
time width At is not within the predetermined range is judged
as noise or a signal of a contaminant. Further, when the light
intensity distribution in the light detection region can be
assumed as a Gaussian distribution:

I=4-exp(-212/a?) (5),

and when the intensity A and the width a, computed by fitting
Expression (5) to the profile of a significant light intensity (a
profile which can be clearly judged not to be a background),
are within the respective predetermined ranges, the profile of
the light intensity may be judged to correspond to one particle
having passed through the light detection region, and thereby
the detection of one light-emitting particle will be done (The
signal with the intensity A and the width a out of the prede-
termined ranges may be judged as a noise or a contaminant
signal and ignored in the later analysis, etc.).

As one example of the processes of detection of
(a)signal(s) on the light intensity data, first, a smoothing
treatment is performed to the light intensity data (FIG. 5C, the
most upper row “detected result (unprocessed)”) (FIG.
4—step 110, FIG. 5C mid-upper row “smoothing”).
Although the light emitted by a light-emitting particle is
stochastic so that minute time gaps will be generated in data
values, such gaps in the data values can be disregarded by the
smoothing treatment. The smoothing treatment may be done,
for example, by the moving average method. In this regard,
parameters in performing the smoothing treatment, e.g., the
number of datum points in one time of the averaging, the
number of times of a moving average, etc. in the moving
averages method, may be appropriately set in accordance
with the moving speed (scanning speed) of the position of the
light detection region and/or BIN TIME in the light intensity
data acquisition.

Next, on the light intensity data after the smoothing treat-
ment, in order to detect a time domain (pulse existing region)
in which a significant pulse form signal (referred to as “pulse
signal” hereafter) exists, the first differentiation value with
time of the smoothed light intensity data is computed (step
120). As illustrated in FIG. 5C, the mid-low row “time dif-
ferential”, in the time differential value of light intensity data,
the value variation increases at the time of the signal value
change, and thereby, the start point and the end point of a
significant signal can be determined advantageously by refer-
ring to the time differential value.

After that, significant pulse signals are detected sequen-
tially on the light intensity data (Steps 130-160). Concretely,
first, on the time-differential value data of the light intensity
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data, the start point and the end point of one pulse signal are
searched and determined by referring to the time differential
value sequentially, so that a pulse existing region will be
specified (step 130). When one pulse existing region has been
specified, the fitting of a bell-shaped function is applied to the
smoothed light intensity data in the pulse existing region
(FIG. 5C, the lower row “bell-shaped function fitting”), and
then, parameters of the pulse of the bell-shaped function, such
as the peak intensity (the maximum), Ipeak; the pulse width
(full width at half maximum), Wpeak; the correlation coeffi-
cient in the fitting (of the least square method), etc. are com-
puted (step 140). In this regard, although the bell-shaped
function to be used in the fitting is typically Gauss function as
in Expression (5), it may be Lorentz type function. Then, it is
judged whether or not the computed parameters of the bell
shaped function are within the respective ranges assumed for
the parameters of the bell-shaped profile drawn by a pulse
signal to be detected when one light-emitting particle passes
through the light detection region, namely, whether or not the
peak intensity, pulse width and correlation coefficient of a
pulse are in the respective predetermined ranges, etc.: For
example, whether or not the following conditions are satis-
fied:

20 psec.<pulse width<400 psec.

Peak intensity>1.0[pc/10 psec.] (A)

Correlation coefficient>0.95

(Step 150). Accordingly, the signal, whose computed param-
eters of the bell-shaped function are judged to be within the
ranges assumed in a light signal corresponding to one light-
emitting particle, as shown in FIG. 6 left, is judged as a signal
corresponding to one light-emitting particle, and thereby one
light-emitting particle has been detected. On the other hand, a
pulse signal, whose computed parameters of the bell-shaped
function are not within the assumed ranges, as shown in FIG.
6 right, is disregarded as noise. In this regard, together with
the detection of signals of light-emitting particles, the count-
ing of the number of signals, i.e., the counting of light-emit-
ting particles, may be conducted.

The searching and judging of a pulse signal in the above-
mentioned processes of steps 130-150 may be repetitively
carried out throughout light intensity data (step 160). In this
connection, the processes for detecting individually a signal
from the light intensity data may be performed by an arbitrary
way, other than the above-mentioned procedures.

(4) Process of Computing an Index Value Indicating a Trans-
lational Diffusional Characteristic of a Light-Emitting Par-
ticle (Step 170)

When the individual detection of signals of light-emitting
particles as noted above has been done, an index value indi-
cating a translational diffusional characteristic of each light-
emitting particle is computed using the variation of the light
intensity from each light-emitting particle during the circu-
lating movement of the light detection region. For such an
index value, there may be employed either of (i) the ratio
between the intensity value of the signal of one light-emitting
particle and the sum of the intensity values within the time
regions separated by the time equal to the moving cycle time
of the position of the light detection region before and after
the signal of the one light-emitting particle (Hereafter,
referred to as a “translational diffusion characteristic
amount”) and (ii) the diffusion constant of a light-emitting
particle. Hereafter, the computation process of each index
value is explained.
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(1) Computation Process of a “Translational Diffusion Char-
acteristic Amount”

As explained in conjunction with FIG. 3, since a light
detection region is made to periodically circulate along a
predetermined route, a light intensity value from the same
spatial domain is measured every moving cycle time of the
light detection region in the time series light intensity data.
Consequently, the light intensity values in the time region
previous by the time corresponding to the moving cycle time
of'the light detection region and in the time region subsequent
by the time corresponding to the moving cycle time of the
light detection region, measured from each of the generation
times of the signals of the light-emitting particles detected till
step 160, each reflect the conditions of the space in which the
light emitting particle corresponding to each signal existed
one cycle before and after, and those light intensity values are
determined by the position of the light-emitting particle
within the space. Thus, by comparing the light intensity value
of'a signal of a light-emitting particle with the respective light
intensity values in the time regions previous and subsequent
by the time corresponding to the moving cycle time of the
light detection region measured from the generation time of
said signal, it is possible to estimate the degree of the easiness
of changing the position of the light-emitting particle in the
moving cycle time of the light detection region, i.e., the
degree ofthe easiness of the translational diffusion of the light
emitting particle.

Then, in the present embodiment, for each of the signals of
the light-emitting particles detected till step 160, there is
employed, as an index value which shows the translational
diffusional characteristic of each light-emitting particle, the
ratio between the intensity value of the signal of each light-
emitting particle and the sum of the intensity values within the
time regions separated by the time equal to the moving cycle
time of the position of the light detection region before and
after the signal of the each light-emitting particle (Transla-
tional diffusion characteristic amount). Concretely, the trans-
lational diffusion characteristic amount may be defined with
the photon count, pc, in the pulse existing region of the signal
of one light-emitting particle; the photon count, p_,, in the
time region ATf previous by the time corresponding to the
moving cycle time of the position of the light detection
region; and the photon count, p,,, in the time region ATr
subsequent by the time corresponding to the moving cycle
time of the position of the light detection region, as:

(Translational diffusion characteristic amount)=(p_;+

par)pe (6)-

In this regard, the widths of the time regions ATf and ATr may
be set arbitrarily experimentally or theoretically, and typi-
cally, may be the time taken for the light detection region to
pass the distance equal to the maximum diameter of the light
detection region. According to this translational diffusion
characteristic amount, as schematically drawn in FIG. 7A, in
a case of a comparatively large particle (left figure), since its
moving speed by the Brownian motion is slow and its time to
reside in the same spatial domain is long, the difference
between the light intensity (photon count pc) of a signal and
the light intensities (photon counts p_;, p, ) within the time
regions before and after the generation time of the signal by
the moving cycle time tcycle of the position of the light
detection region is relatively small, and therefore, the trans-
lational diffusion characteristic amount defined by Expres-
sion (6) becomes large. On the other hand, in a case of a
comparatively small particle (right figure), since its moving
speed by the Brownian motion is quick and its time to reside
in the same spatial domain is short, the difference between the

10

15

20

25

30

35

40

45

50

55

60

65

26

light intensity (photon count pc) of a signal and the light
intensities (photon counts p_;, p,,) within the time regions
before and after the generation time of the signal by the
moving cycle time tcycle of the position of the light detection
region is relatively large or it is possible that the light-emitting
particle is not present in the same space, and therefore the
translational diffusion characteristic amount defined by
Expression (6) becomes small. Thus, since the translational
diffusion characteristic amount shows the translational diffu-
sional characteristic of a light-emitting particle and is a value
peculiar to the light-emitting particle, the translational diffu-
sion characteristic amount can be used for discrimination or
identification of a kind of light-emitting particle.

(i) Computation Process of the Diffusion Constant of a
Light-Emitting Particle

Referring to FIGS. 3A-3C again, if a light-emitting particle
resides within a space encompassed when a light detection
region CV exists in a certain position during the circulation of
the light detection region as in FIG. 3A, the signals (pulse
form signals) of the light-emitting particle appear almost
every moving cycle time teycle of the light detection region as
illustrated by FIG. 3C. During this, as noted, the position of
the light-emitting particle changes by the Brownian motion so
that the light intensity in the series of the signals will vary. In
this respect, this light intensity variation reflects the change of
the position of the light-emitting particle in the radial direc-
tion from the maximum intensity point of the light detection
region, and the light detection region is moving in one direc-
tion, and therefore, the variation in the peak intensities of the
respective signals is considered to be caused by the transla-
tional diffusion motion of the light-emitting particle within a
plane perpendicular to the moving direction of the light detec-
tion region as illustrated in FIG. 3B.

Supposing the translational diffusion motion of a light-
emitting particle in a plane perpendicular to the moving direc-
tion of the light detection region follows the translational
diffusion model by the two-dimensional Brownian motion,
the autocorrelation function in time of the light intensity of
the light-emitting particle of the diffusion constant D is given

by:

[Expression 1]

1 O]
4Dt %
(1 + Wz ) (1 +

(Non-patent documents 5 and 6). Here, N is the average
number of particles in the light detection region; T is delay
time; Wo is the minor axis diameter of the light detection
region; and Wz is the major axis diameter of the light detec-
tionregion (See FIG. 1B). In the case of the present invention,
N=1 is established, and when AR=Wz/Wo, Expression (7)
becomes:

1
Go=1+

T
4Dtz
)

H

[Expression 2]

1
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ol —

( 1 407%

(1 N 4DT] N
w2 AR? W2



US 9,329,117 B2

27

On the other hand, the autocorrelation function in time, com-
puted from the light intensities of the signals of a light-
emitting particle, is computed by:

[Expression 3]

_{LOL+ 1)

©
o0 =Ty

Thus, in the present embodiment, first, a group of signals
which appear every moving cycle time of a light detection
region is extracted among the signals of light-emitting par-
ticle detected till step 160. In this extraction, one signal of a
light-emitting particle is chosen in the time series light inten-
sity data, and signals of light-emitting particle which exist in
time regions separated from the generation time of the one
signal by the time corresponding to an integral multiple of the
moving cycle time of the position of the light detection region
are selected as the signals of the same light-emitting particle,
and then these are considered as the group of the signals of the
one light-emitting particle. Furthermore, this operation may
be conducted for the whole region of the time series light
intensity data, and thus, a plurality of groups of signals of
single light-emitting particles may be extracted in one time
series light intensity data. Then, when a group of signals of a
light-emitting particle is extracted, as shown in FIG. 7B, the
autocorrelation function values of the light intensities of the
group are computed with Expression (9), and then, the theo-
retical formula (the dotted line in the drawing), derived from
the translational diffusion model explained above, is fit to the
autocorrelation function values (the plotted points in the
drawing), and thereby the diffusion constant D is computed.
In the series of these processes, in the calculation of the
autocorrelation function values of light intensity, with putting
At=tcycle, the autocorrelation function values may be com-
puted in the group of the signals of a light-emitting particle
according to Expression (9) for the respective cases of the
group of signals in which the respective generation times are
mutually separated by one cycle time (t=At); the group of
signals in which the respective generation times are mutually
separated by two cycle times (t=2At); the group of signals in
which the respective generation times are mutually separated
by three cycle times (T=3At); . . . (Thus, the number of terms
in the numerator of Expression (9) is reduced with the length
of t.) In addition, with respect to the theoretical formula
derived from the translational diffusion model, in the case of
the present embodiment, it is difficult to well acceptably carry
out the fitting of Expression (7) or (8) because the number of
points of the light intensity values for the computation of
autocorrelation function values and the number of points of
the computed autocorrelation function values are relatively
small. Thus, in the present embodiment, preferably, only the
2nd term which characterizes the variation in the theoretical
formula (8) may be fit to the autocorrelation function values.
Namely, Expression obtained by modifying Expression (8) as
described below may be used for the fitting expression.

[Expression 4]

K (10)

10

20

35

40

45

50

60

65

28

Here, K is a constant and is determined by the fitting. In this
connection, in the fitting, instead of the diffusion constant D,
for instance, a function value, etc. obtained by multiplying a
constant on the diffusion constant may be computed, and it
should be understood that such a case belongs to the scope of
the present invention.

Thus, (i) the translational diffusion characteristic amount
or (i) the diffusion constant (or its function value) as men-
tioned above is determined for each light-emitting particle.
As noted, since these values can be considered to be values
peculiar to a light-emitting particle, discrimination or identi-
fication of the kind of light-emitting particle can be achieved
for each light-emitting particle.

(5) Other Analyses

When the time series light intensity data is obtained in the
above-mentioned processes, various analyses, such as light-
emitting particle concentration calculation, may be further
performed by processes according to programs memorized in
storage apparatus in the computer 18.

For example, in the case that the number of light-emitting
particles is determined by counting the number of signals of
detected light-emitting particles, if the volume of the whole
region through which the light detection region has passed is
computed out by an arbitrary way, the number density or
concentration of the light-emitting particle in the sample
solution can be determined from the number of light-emitting
particles and the volume. The volume of the whole region
through which the light detection region has passed may be
theoretically computed out with the wavelength of excitation
light or detected light, the numerical aperture of lenses and
the adjustment condition of the optical system, but the volume
may be determined experimentally, for instance, using the
number of light-emitting particles detected by performing,
with a solution having a known light-emitting particle con-
centration (a reference solution), the light intensity measure-
ment, detection of (a) light-emitting particle(s) and their
counting under the same condition as the measurement of a
sample solution to be tested, and the light-emitting particle
concentration of the reference solution. Concretely, for
example, supposing the number of detected light-emitting
particles in N in a reference solution of the light-emitting
particle concentration C, the whole volume Vt of the region
through which the light detection region has passed is given
by:

Vi=N/C an.

Alternatively, by preparing the plurality of solutions of dif-
ferent light-emitting particle concentrations and performing
the measurement for each of the solutions, the average value
of the computed Vts may be employed as the whole volume
Vt of the region through which the light detection region has
passed. Then, when Vt is given, the concentration ¢ of the
light-emitting particle of the sample solution, whose counting
result of the light-emitting particles is n, is given by:

c=n/Vt (12)

In this regard, the volume of the light detection region and the
volume of the whole region which the light detection region
has passed through may be given by an arbitrary method, for
instance, using FCS and FIDA, instead of the above-men-
tioned method. Further, in the optical analysis device of this
embodiment, there may be previously memorized in a storage
device of the computer 18 the information on the relations
(Expression (12)) between concentrations C and light-emit-
ting particle numbers N of various standard light-emitting
particles for assumed moving patterns of the light detection
region, so that a user of the device can appropriately use the
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memorized information on the relation in conducting an opti-
cal analysis. It should be understood that, according to the
present invention, since discrimination or identification of the
kind is possible for each single light-emitting particle with the
translational diffusion characteristic amount or diffusion con-
stant, the concentration also can be determined for each (dis-
criminable) kind of light-emitting particle.

In order to verify the validity of the present invention
explained above, the experiments described below were con-
ducted. In this regard, it should be understood that the follow-
ing embodiments illustrate the validity of the present inven-
tion only, not intended to limit the scope of the present
invention.

Embodiment 1

In the scanning molecule counting method, a translational
diffusion characteristic amount defined by Expression (6)
was computed for each of the signals of light-emitting particle
detected in the time series light intensity data.

For sample solutions, there were prepared a solution con-
taining a fluorescent dye TAMRA (M. W.430.45 Sigma-Al-
drich Cat. No. C2734) as a light-emitting particle at 100 fM in
a phosphate buffer (containing 0.05% Tween20) and a solu-
tion containing plasmid (pbr322, 2.9 MDa, Takara Bio, Inc.
Cat. No.3035) at 1 pM and DNA intercalator fluorescent dye
SYTOX Orange (Invitrogen Corp. Cat. No. S-11368) at 10
nM in the phosphate buffer (SYTOX Orange binds with a
single plasmid to be a single light-emitting particle.). In the
light measurement, a single molecule fluorescence measuring
apparatus MF20 (Olympus Corporation), equipped with the
optical system of a confocal fluorescence microscope and a
photon counting system, was used as the optical analysis
device, and time series light intensity data (photon count data)
was acquired for the above-mentioned two sample solutions
in accordance with the manner explained in the above-men-
tioned “(2) Measurement of Light Intensity of a Sample Solu-
tion”. In that time, a 543-nm laser light was used for excita-
tion light, and, using a band pass filter, the light of the
wavelength band, 560 to 620 nm, was measured, generating
time series photon count data. The moving speed of the posi-
tion of the light detection region in the sample solution was
set to 6000 rpm (15 mm/sec).; BIN TIME, 1 psec., and the
measurement was performed for 2 seconds.

In the data processing after the light measurement, first, for
the acquired time series photon count data, in accordance
with the way described in “(3) Individual Detection of a
Signal of a Light-Emitting Particle” and steps 110-160 in
FIG. 4, a smoothing treatment was applied to the time series
photon count data, and after determining the start points and
end points of pulse signals in the smoothed data, a Gauss
function was fit to each pulse signal by the least-squares
method, and the peak intensity, pulse width (full width at half
maximum), and correlation coefficient (in the Gauss func-
tion) were determined. And only a pulse signal satisfying the
following conditions was extracted as a signal corresponding
to a light-emitting particle:

20 pseconds<pulse width<400 pseconds

Peak intensity>1[pc/10 psec.] (A)

Correlation coefficient>0.95.

Subsequently, the translational diffusion characteristic
amount of Expression (6) was computed for each light-emit-
ting particle signal. The time region ATf previous by the time
corresponding to the moving cycle time of the position of the
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light detection region was set to the section 10.05-9.95 m-sec-
onds before the time point of the peak of a signal and the time
region ATr subsequent by the time corresponding to the mov-
ing cycle time of the position of the light detection region was
set to the section 9.95-10.05 m-seconds after the time point of
the peak of a signal.

FIG. 8A shows the average values (bar graphs) and stan-
dard deviations (error bars) of translational diffusion charac-
teristic amounts of the fluorescent dye molecules, TAMRA,
and the plasmids stained with the SYTOX Orange; and FIG.
8B shows the generation frequencies (histogram) of the trans-
lational diffusion characteristic amounts. With reference to
the drawing, for the translational diffusion characteristic
amounts, the average value (0.87) of the translational diffu-
sion characteristic amounts of the large and slow-moving
plasmids was a substantially larger value than the average
value (0.18) of the translational diffusion characteristic
amounts of the small and quick-moving fluorescent dye mol-
ecules TAMRA. Moreover, as clearly seen with reference to
the histogram, there was only small overlap region in the
histograms of the translational diffusion characteristic
amounts of the plasmids and the translational diffusion char-
acteristic amounts of the fluorescent dye molecules TAMRA.
Actually, when, as a reference value, 0.6, obtained by sub-
tracting 1 SD from the average value of the translational
diffusion characteristic amounts of the plasmids was consid-
ered, the ratio of the signals of the fluorescent dye molecules
TAMRA was 85% among the signals below the reference
value (signals judged as a signal of the fluorescent dye mol-
ecule TAMRA), and the ratio of the signals of the plasmids
was 89% among the signals beyond the reference values
(signals judged as a signal of a plasmid). This result shows
that discrimination of two kinds of light-emitting particles is
substantially possible with the translational diffusion charac-
teristic amount.

Embodiment 2

In the scanning molecule counting method, the diffusion
constant was computed for each of the signals of light-emit-
ting particle detected in the time series light intensity data
through the processes described in “(ii) Computation Process
of the Diffusion Constant of a Light-Emitting Particle”.

For a sample solution, there was prepared a solution con-
taining plasmids (pbr322, 2.9 MDa Takara Bio, Inc., Cat. No.
3035) at 1 pM and DNA intercalator fluorescent dye SYTOX
Orange (Invitrogen Corp. Cat. No. S-11368) at 10 nM in a
phosphate buffer (containing 0.05% Tween20). The light
measurement and the individual detection of the light-emit-
ting particle signals were performed similarly to Embodiment
1. However, a 633-nm laser light was used for the excitation
light. After this, groups of signals of the same light-emitting
particles are extracted among the detected light-emitting par-
ticle signals, and for each of the groups, the autocorrelation
function values of Expression (9) were computed; the fitting
of Expression (10) was carried to the computed autocorrela-
tion function values; and the diffusion constant D and the
minor axis diameter Wo of the light detection region were
computed. In this respect, AR in Expression (10) was set to
3.5.

FIG. 9A shows examples of the peak intensities of the
respective signals in signal groups, each specified as the sig-
nals of the same light-emitting particle, among the light-
emitting particle signals detected in the time series light
intensity data; and FIG. 9B shows the autocorrelation func-
tion values (plot point) of the peak intensities and fitting
curves (dotted lines) for the signal groups, respectively. With
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reference to the drawings, Expression (10) was well accept-
ably fit to the autocorrelation function values. And, in the
illustrated examples, the diffusion constant D and the minor
axis diameter Wo of the light detection region, computed
here, were as follows:

TABLE 1
Particle 1 2 3 4 Average
D (x107'2 m?/sec) 7.2 2.1 6.8 2.2 4.6
W (um) 0.29 0.42 0.32 0.49 0.38

Itis considered that the plasmid used for the measurements in
awater solution has a molecular form between rod and spheri-
cal forms, and theoretically, the diffusion constant is esti-
mated to be 4.2~22x107'% m?/s, and therefore the above-
mentioned results were in agreement with the theoretical
estimate. In addition, since the radius (Wo) of the light detec-
tion region (confocal volume) is designed to be about 0.4 um,
and therefore, the above-mentioned result was almost in
agreement with the design value. From these results, it has
been shown that, in the scanning molecule counting method,
it is possible to detect the signal of the same light-emitting
particle multiple times and compute the diffusion constant of
the light-emitting particle, and thereby there is acquired the
information on a dynamic characteristic, i.e., the size (mo-
lecular weight, form) of a particle in a water solution to make
it possible to identify a light-emitting particle.

Thus, as understood from the results of the above-men-
tioned embodiments, it has been shown that, in accordance
with the teachings of the present invention, it is possible to
determine individually for each light-emitting particle, an
index value indicating a translational diffusional characteris-
tic of the light-emitting particle in a plane perpendicular to the
moving direction of a light detection region in the scanning
molecule counting method, and such a index value can be
used for discrimination or identification of the kind of light-
emitting particle.

The invention claimed is:

1. An optical analysis device which detects light from a
light-emitting particle dispersed and moving at random in a
sample solution using an optical system of a confocal micro-
scope or a multiphoton microscope, comprising:

a light detection region mover which periodically moves a
position of a light detection region of the optical system
along a predetermined route in the sample solution;

a light detector which detects a light amount from the light
detection region; and

a signal processor which generates time series light inten-
sity data of the light from the light detection region
detected with the light detector during the moving of the
position of the light detection region in the sample solu-
tion and detects a signal indicating light from a single
light-emitting particle individually in the time series
light intensity data;

wherein the signal processor determines an index value
indicating a translational diffusional characteristic of the
light-emitting particle in a plane perpendicular to a mov-
ing direction of the light detection region based upon an
intensity value of a detected signal indicating light of
one light-emitting particle and an intensity value within
a time region separated from a generation time of the
signal indicating light of the one light-emitting particle
by a time corresponding to an integral multiple of a
moving cycle of the position of the light detection region
in the time series light intensity data.
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2. The device of claim 1, determining a kind of the light-
emitting particle with the index value indicating the transla-
tional diffusional characteristic of the light-emitting particle.

3. The device of claim 1, wherein the index value indicating
the translational diffusional characteristic of the light-emit-
ting particle is the ratio between an intensity value of a signal
of one light-emitting particle and a sum of intensity values
within time regions separated by a time corresponding to a
moving cycle time of the position of the light detection region
before and after the signal of the one light-emitting particle.

4. The device of claim 1, wherein the intensity value within
the time region separated from the generation time of the
signal indicating light of the one light-emitting particle by the
time corresponding to the integral multiple of the moving
cycle of the position of the light detection region in the time
series light intensity data is an intensity value of a signal
indicating light, generated in the time region, of the same
light-emitting particle as the one light-emitting particle; and
the index value indicating the translational diffusional char-
acteristic of the light-emitting particle is a diffusion constant
or its function value computed by fitting a theoretical formula
derived from a translational diffusion model of the light-
emitting particle in a plane perpendicular to the moving direc-
tion of the light detection region to autocorrelation function
values in time computed with the intensity value of the signal
indicating light of the one light-emitting particle and the
intensity values of signals indicating light of the same light-
emitting particle as the one light-emitting particle.

5. An optical analysis method of detecting light from a
light-emitting particle dispersed and moving at random in a
sample solution using an optical system of a confocal micro-
scope or a multiphoton microscope, comprising steps of:

(a) moving a position of a light detection region of the

optical system in the sample solution periodically along
a predetermined route;

(b) measuring a light intensity from the light detection
region during the moving of the position of the light
detection in the sample solution to generate light inten-
sity data;

(c) detecting individually a signal indicating light from a
single light-emitting particle in the light intensity data;
and

(d) determining an index value indicating a translational
diffusional characteristic of one light-emitting particle
in a plane perpendicular to a moving direction of the
light detection region based upon an intensity value of a
detected signal indicating light of the one light-emitting
particle and an intensity value within a time region sepa-
rated from a generation time of the signal indicating
light of the one light-emitting particle by a time corre-
sponding to an integral multiple of a moving cycle of the
position of the light detection region in the time series
light intensity data.

6. The method of claim 5, further comprising a step of (e)
determining a kind of the light-emitting particle with the
index value indicating the translational diftusional character-
istic of the light-emitting particle.

7. The method of claim 5, wherein the index value indicat-
ing the translational diffusional characteristic of the light-
emitting particle is the ratio between an intensity value of a
signal of one light-emitting particle and a sum of intensity
values within time regions separated by a time corresponding
to a moving cycle time of the position of the light detection
region before and after the signal of the one light-emitting
particle.

8. The method of claim 5, wherein the intensity value
within the time region separated from the generation time of
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the signal indicating light of the one light-emitting particle by
the time corresponding to the integral multiple of the moving
cycle of the position of the light detection region in the time
series light intensity data is an intensity value of a signal
indicating light, generated in the time region, of the same
light-emitting particle as the one light-emitting particle; and
the index value indicating the translational diffusional char-
acteristic of the light-emitting particle is a diffusion constant
or its function value computed by fitting a theoretical formula
derived from a translational diffusion model of the light-
emitting particle in a plane perpendicular to the moving direc-
tion of the light detection region to autocorrelation function
values in time computed with the intensity value of the signal
indicating light of the one light-emitting particle and the
intensity values of signals indicating light of the same light-
emitting particle as the one light-emitting particle.

9. A computer readable storage device having a computer
program product including programmed instructions for opti-
cal analysis of detecting light from a light-emitting particle
dispersed and moving at random in a sample solution using an
optical system of a confocal microscope or a multiphoton
microscope, said programmed instructions causing a com-
puter to perform steps comprising:

moving a position of a light detection region of the optical

system in the sample solution periodically along a pre-
determined route;

measuring a light intensity from the light detection region

during the moving of the position of the light detection
region in the sample solution to generate light intensity
data;

detecting individually a signal indicating light from a

single light-emitting particle in the light intensity data;
and

determining an index value indicating a translational dif-

fusional characteristic of one light-emitting particle in a
plane perpendicular to a moving direction of the light
detection region based upon an intensity value of a
detected signal indicating light of the one light-emitting
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particle and an intensity value within a time region sepa-
rated from a generation time of the signal indicating
light of the one light-emitting particle by a time corre-
sponding to an integral multiple of a moving cycle of the
position of the light detection region in the time series
light intensity data.

10. The computer readable storage device of claim 9, fur-
ther comprising a step of determining a kind of the light-
emitting particle with the index value indicating the transla-
tional diffusional characteristic of the light-emitting particle.

11. The computer readable storage device of claim 9,
wherein the index value indicating the translational diffu-
sional characteristic of the light-emitting particle is the ratio
between an intensity value of a signal of one light-emitting
particle and a sum of intensity values within time regions
separated by a time corresponding to a moving cycle time of
the position of the light detection region before and after the
signal of the one light-emitting particle.

12. The computer readable storage device of claim 9,
wherein the intensity value within the time region separated
from the generation time of the signal indicating light of the
one light-emitting particle by the time corresponding to the
integral multiple of the moving cycle of the position of the
light detection region in the time series light intensity data is
an intensity value of a signal indicating light, generated in the
time region, of the same light-emitting particle as the one
light-emitting particle; and the index value indicating the
translational diffusional characteristic of the light-emitting
particle is a diffusion constant or its function value computed
by fitting a theoretical formula derived from a translational
diffusion model of the light-emitting particle in a plane per-
pendicular to the moving direction of the light detection
region to autocorrelation function values in time computed
with the intensity value of the signal indicating light of the
one light-emitting particle and the intensity values of signals
indicating light of the same light-emitting particle as the one
light-emitting particle.
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